Abstract-A postprocessing algorithm is proposed to reduce the blocking artifacts of Joint Photographic Experts Group (JPEG) decompressed images. The reconstructed images from JPEG compression produce noticeable image degradation near the block boundaries, in particular for highly compressed images, because each block is transformed and quantized independently. The blocking effects are classified into three types of noises in this paper: grid noise, staircase noise, and corner outlier. The proposed postprocessing algorithm, which consists of three stages, reduces these blocking artifacts efficiently. A comparison study between the proposed algorithm and other postprocessing algorithms is made by computer simulation with several JPEG images.
I. INTRODUCTION
Image data compression is a very important issue for many applications in the field of visual communications. A purpose of data compression is to reduce the storage and transmission costs while maintaining image quality. Therefore, many efficient image coding techniques have been developed for various applications, and some of them are used as international standards for image communication.
The Joint Photographic Experts Group (JPEG) has been recommended as a standard compression scheme for continuous-tone still images [1] . JPEG uses an 8 2 8 pixel-block discrete cosine transform (DCT) for information packing into a few transform coefficients. This block DCT scheme takes advantage of the local spatial correlation property of images and also saves processing time [2] . However, it is well known that this individual processing of each block induces visually annoying blocking effects, in particular, when a high quantization parameter is used for high compression.
There are three kinds of blocking effects in JPEG decompressed images. One is the staircase noise along the image edges, another is the grid noise in the monotone area, and the other is the corner outlier in the corner point of the 8 2 8 DCT block, as shown in Fig. 1 . When an 8 2 8 block includes an image edge, the edge is degraded such that the block boundary looks like the edge. This artifact is called staircase noise. A slight change of image intensity along the 8 2 8 block boundary is easily noticeable in the monotone area; this change is called grid noise. A corner outlier is visible at the corner point of the 8 2 8 block, where the corner point is either much larger or much smaller than neighboring pixels.
Several postprocessing algorithms have been proposed to reduce the blocking effects of block-based coding [3] - [6] . In the Ramamurthi algorithm [3] , the ratio of intensity change is compared to the average intensity with a threshold. This algorithm neutralizes the gradients caused by random speckle noise. A two-dimensional (2-D) filter is used to reduce the grid noise in the monotone area, whereas a onedimensional (1-D) filter is used to reduce the staircase noise along the edges. However, the classifier can not discriminate between an Lshaped edge segment and diagonal edge segment. A spatially adaptive image recovery algorithm was proposed based on the theory of projections onto convex sets (POCS) as well [4] . It shows better peak signal-to-noise ratio (PSNR) than JPEG images at high compression ratio more than 50 : 1.
In this work, a new postprocessing algorithm based on signal adaptive filtering and on a corner outlier detection/replacement scheme is proposed. The proposed algorithm reduces the blocking effects, such as grid noise, staircase noise, and corner outlier, without degradation of image details.
In this paper, Section II explains the property of the JPEG gradient image and the classification, the signal adaptive filter scheme, and the corner outlier detection/replacement scheme of the proposed algorithm. In Section III, several computer simulation results are presented to compare the proposed algorithm with the Ramamurithi algorithm and POCS adaptive reconstruction using the PSNR. Finally, conclusions are given in Section IV.
II. PROPOSED ALGORITHM FOR REDUCING BLOCKING EFFECTS

A. Gradient of the JPEG Decompressed Image
The proposed algorithm is based on the edge information, which is the thresholded gradient image. An edge is usually defined as the boundary between two regions with relatively distinct graylevel properties. Basically, the idea underlying most edge detection methods is the computation of a local derivative, i.e., gradient of the image [7] - [9] . One of the typical gradient operators is the Sobel operator, which has the advantage of both differentiating and smoothing along the orthogonal directions, respectively. The smoothing effect is a particularly attractive feature of Sobel operators because the derivatives of the image are severely degraded by noise. Sobel operators can be defined by two kernels: H h (x; y) for the horizontal direction and H v (x; y) for the vertical direction.
The horizontal and vertical gradient images G h (x; y) and Gv(x; y) are obtained by linear convolution with the Sobel kernels as follows:
where S(x; y) is the JPEG decompressed image and 3 is the linear convolution operator. The values of G h (x; y) and Gv (x; y) are considered as components of the gradient vector at the point of (x; y). The absolute, M (x; y), and the direction, (x; y), of the gradient vector are given by
where the directional angle is measured with respect to the x axis which is in the horizontal direction.
B. Classification
The JPEG decompressed image is classified into two areas, i.e., an edge area and a monotone area, according to the edge map, which 1057-7149/98$10.00 © 1998 IEEE is generated by thresholding the gradient absolute image. In general, thresholding is a typical approach to image classification. A global edge map is obtained by thresholding M(x; y) with global threshold value Tg, which is experimentally determined in consideration of Q f factor as follows:
where Q f is the quantization factor of JPEG compression.
In addition to the global threshold, local thresholding is performed for the local edge map of each 8 2 8 block. The local threshold value Tn of the nth 8 2 8 block is defined by the characteristics of the pixels within the block. It can be calculated as follows [7] :
where the parameters m n and n are the mean and the standard deviation of the nth 8 2 8 block of the gradient absolute image M(x; y), respectively. If the nth DCT block is homogeneous, the ratio n =m n tends to be zero, with the result that the threshold value Tn tends toward T g , whereas if the nth DCT block is complex, the ratio n =m n is increased, resulting in the threshold value Tn being smaller than Tg. This small T n generates a detailed edge map that is not classified as a global edge by T g . Therefore, the local edge map is computed by locally thresholding the 6 2 6 pixels within the 8 2 8 block excluding boundary pixels in order to preserve the detailed information from blurring and to prevent the grid noise from being detected as an image edge.
C. Signal Adaptive Filter
A signal adaptive filter is proposed to reduce both the grid noise in the relatively monotone area and the staircase noise along the image edge without any significant loss of the image details. A 1-D directional smoothing filter aligned parallel to the edge is ideally suited for the reduction of staircase noise, which is visible along the image edge. ; 6135 , and 180 . As shown in (7), there is 90 difference between the direction of the gradient vector and the edge. This directional smoothing filter can protect the edges from blurring while smoothing. In the second step, signal adaptive 2-D lowpass filtering is performed. When the central point, point 11, of the filter kernel in Fig. 2(a) is on the global or the local edge map, no 2-D filtering operation is performed for this point. If any edge point of the global or the local edge map is not included in the 5 2 5 filter window, unweighted average filtering is performed by using kernel 1 in Fig. 2(b) . If some edge pixels are in the 5 2 5 filter window, except on the central point, the weighted average filtering is performed by using kernel 2 in Fig. 2(c) . In the filter operation using kernel 2, if any edge point is on the points 12, 7, 6, 5, 10, 15, 16, or 17 in Fig. 2(a) , the weights of the edge pixel and its outer neighbor pixels are set to zero. For example, if the point 12 is an edge pixel, the weights of the points 12, 8, 13, and 18 will be zero. If the point 7 is an edge pixel, the weights of the points 7, 3, and 8 will be zero. The weight value is changed according to the position of the edge pixel in the filter window to protect the image details. Fig. 3 shows examples of the signal adaptive 2-D lowpass filter operation.
D. Corner Outlier Detection and Replacement
A corner outlier [10] , [11] is characterized by a pixel that is either much larger or much smaller than its neighboring pixels in the corner point of the 8 2 8 DCT block in the JPEG decompressed image as shown in Fig. 4(a) . Each pixel in the corner point is compared with its neighbors in order to detect the corner outlier. The corner outlier detection and replacement algorithm uses a 2 2 2 window for the crosspoint of the block boundaries in the decompressed image. This detection and replacement process is performed in the JPEG decompressed image, and not in the gradient image or the edge map. From this detection procedure, the return point is a corner outlier. A detected corner outlier and adjacent pixels will be replaced by the weighted average as shown in Fig. 4(b) . For example, if a pixel of A is detected as a corner outlier in Fig. 4(a) , the pixels of A; A 1 , and A 2 will be replaced with ; 1 , and 2 , respectively, as follows: 
III. SIMULATION RESULTS
Computer simulations have been performed to demonstrate the proposed algorithm that reduces blocking effects on the JPEG decompressed images. The PSNR is usually used for an objective evaluation in the image compression literature [2] .
The proposed postprocessing algorithm was applied to the test images such as Lena, peppers, and Zelda, all of which were compressed with the standard JPEG code, which was distributed by the Portable image in this paper, since the simulation results for the other images are similar to those of the Lena image.
The PSNR results of our implementation of the POCS adaptive, the Ramamurthi, and the proposed algorithm are summarized in Fig. 5 , which shows the PSNR versus compression ratio curves for the Lena image, with quantization factors of 1, 2, 3, 4, 5, and 6, where the factors are applied to "the quantization table for component A" recommended by the JPEG standard [1] . When quantization factor is one, which means low compression, the PSNR of the proposed method is similar to that of JPEG decompressed image, and the PSNR of POCS adaptive and Ramamurthi algorithms is lower than that of JPEG decompressed image. This simulation result shows that the performance of the proposed algorithm is better than that of the POCS adaptive reconstruction algorithm and the Ramamurthi algorithm. Finally, Fig. 6 shows five images, which are the original Lena image, the JPEG decompressed Lena image with a quantization factor of four, and the postprocessed images from the POCS adaptive, the Ramamurthi, and the proposed algorithms. The grid noise along the 8 2 8 DCT block boundary is most visible in the JPEG decompressed image, whereas the noise is mostly removed in the postprocessed image from the proposed algorithm.
IV. CONCLUSION
In this work, a new blocking-effect-reducing algorithm was proposed to improve the quality of the JPEG decompressed image. To reduce the blocking effects without degradation of the image details, the proposed algorithm uses signal adaptive filtering as well as a corner outlier detection and replacement scheme. The signal adaptive filtering is based on the edge information, which is generated by a gradient operation and by an adaptive threshold scheme. The signal adaptive filtering consists of a 1-D directional smoothing filtering for the edge area and a 2-D adaptive average filtering for the monotone area. A noticeable corner outlier is smoothed by a corner outlier detection and replacement scheme [11] .
The objective performance of the proposed algorithm was measured by the PSNR of the postprocessed image. The measured PSNR of the proposed postprocessing method showed an increase of 0-1.0 dB for the three test images of the Lena, peppers, and the Zelda images at several compression ratios. However, the PSNR does not fully reflect the enhancement of the image quality in the psychovisual viewpoint. From a subjective view, a visual improvement of the image quality was found in the postprocessed image from the proposed algorithm. In conclusion, the proposed postprocessing algorithm effectively reduces the blocking effects and well preserves and enhances JPEG images without any increase in the bit rates.
I. INTRODUCTION
Although linear predictive coding [1] , [2] is usually used for lossless image compression, pyramid structured coding is still an attractive solution due to the progressive transmission [3] , [4] . Two pyramid structured coding methods have been studied in depth: the subsample based methods [5] - [7] and the mean based methods [8] - [11] . The subsample based methods mainly transmit difference images between two successive levels of the subsample pyramid.
The mean based methods such as the S-transform [8] - [10] and the hierarchy embedded differential image (HEDI) [11] construct a mean based pyramid by rounding the mean of the nonoverlapping block and then generating the differences between neighboring nodes of the mean pyramid to achieve good lossless compression. In recent works [12], [13], more efficient compression was found using the S-transform based predictive coding which is referred to as S+P (Sequential+Prediction) transform or RTS (Reversible Two Six)-transform. However, the computations for the mean based methods have not yet been generalized, mainly due to a lack of precise analysis of the rounding operations. For example, the usable block size is restricted to two sizes, 2 2 2 or 3 2 3, and the computations of the reconstruction must be done successively.
In this work, we propose a new transform, called the rounding transform (RT), that maps an integer vector to another integer vector by using weighted average and difference filters followed by a rounding operation. The RT is a reversible transform if floor (ceiling) and ceiling (floor) operations are used in the forward and inverse transformation, respectively. A proof of reversibility is given in Appendix A. The RT can be applied to lossless pyramid structured coding with various elementary block sizes and various filters. We show that the RT generalizes the previous mean based lossless pyramid structured coding schemes [8] - [11] , including the reduced difference pyramid (RDP) [14] . All of these schemes can be implemented in parallel at both the transmitting and receiving ends, if the proposed method is used. 1057-7149/98$10.00 © 1998 IEEE
